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PULMONARY RESPONSE TO INHALED CARBON: A MODEL OF LUNG INJURY**
Many models of lung injury utilize the techniques of inhalation of gases
or particles. The attention given to the effects of particles is evident when
one considers that forty-five of the forty-eight papers in the second volume
of Inhaled Particles and Vapours' are concerned with particles rather than
vapours. This interest in inhaled particles has several sources: the avail-
ability of simple aerosol generators, the ability to add radioactive markers
to particles and to produce monodisperse aerosols, the use of particles in
physiologic studies of bronchoconstriction and ventilation, and the con-
tinuing and growing importance of diseases related to inhaled particles.
The present study utilizes inhalation exposure to carbon. The choice
of carbon utilizes a substance that has a long history in experimental pathol-
ogy. In 1923 Carleton' reviewed studies on carbon. He stated that Arnold
in 1885 was the first to report on lung changes following inhalation of
soot. Haythorn in 19133 had considered whether or not extensive deposits
of coal and dust had disease importance, alone or in combination with
tuberculosis. Carleton's own work involved exposure of one hundred
guinea pigs to flint, coal, clay, felspar, shale, ground pircher, silica, and
ignited earth and was an extension of similar exposures done in the same
laboratory by Mavrogordato in 1918.' These studies by Carleton showed
that carbon in itself was relatively harmless. Much of the early interest
centered on coal or dust as a cell marker and on the mechanisms of elimina-
tion of dust from lung. A study of Capell5 in 1929 contains exquisite draw-
ings on the phagocytosis of intravital and supravital stains by lung cells.
Since such early work there have been a great many studies in which
carbon has been given by inhalation. However, exposures have almost
invariably been for periods from days to years so that large amounts of
carbon would be deposited and chronic effects might be observed. This
report is on the response of lung to an extremely brief but necessarily
large inhalation exposure to carbon. The duration of exposure of all the
animals (guinea pigs) was ten minutes. The high concentration was neces-
sary to obtain carbon in alveoli with such a brief exposure. Such an ex-
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posure was used so that the effects would be similar to those of single
inhalation of carbon. Inhalation of carbon would be of a substance which
in itself gives minimal injury. In this manner the early morphologic events
following particulate inhalation could be observed. To obtain precisely
timed preparations with preservation of spatial relations of the lung and
minimal removal of carbon in airways, unanesthetized animals were sacri-
ficed by injection of glutaraldehyde into the left ventricle.
Wlhy examine the early post exposure morphologic findings after a
single short inhalation exposure to carbon? Perhaps the initial site of
particle cell interaction, the sequence of events following this interaction,
and the secondary factors modifying the action of any particle will be indi-
cated. Such observations help us to understand the macrophage and lymph-
oid reactions found in guinea pig. So universal is particle inhalation, that
the simple observations on response to inhaled carbon are prerequisites
for thorough understanding of the findings of ultrastructure and newer
lung enzyme67 determinations in experimental systems. To obtain animals
that have never breathed particles is as difficult as to obtain germ-free
animals. The observations on acute response to carbon inhalation provide
a basis for understanding the action of cytotoxic particles, synergistic and
sequience effects of multiple agents, and perhaps most significantly, the
action of inhaled living particles as the powerful techniques of modern
microbiology and immunology are applied to the study of chronic lung
disease.
MATERIALS AND METHODS
The animals used in this study were conventional randomly inbred male guinea pigs
weighing 590-660 gm. They were 2½2-3 months of age.
Exposure was in the Type B chamber described by Urban.8 This large (90 ft')
octagonal chamber allows rapid loading and unloading of animals. The main air
stream was 2 cfm, flowing from the top to the bottom of the chamber. Samples of
air were removed from the side of the chamber before and during the exposure,
using a standard impinger. Particle counts were done by the light field projector
technique.
Carbon used in this exposure was Darco G60*, a wood saw-dust charcoal, activated
with heat and steam, washed with strong mineral acid followed by water. It had 10%
retained moisture, pH of 5.0-7.0, density of 0.6 gm/cm3, and a mesh size of 95%
through a 100 mesh and 65%-80% through a 325 mesh.
This activated charcoal was disseminated by means of a Wright dust feed mecha-
nism with an impingement baffle.9 Air carrying carbon from the Wright disseminater
passed into a five gallon settling bottle and from the settling bottle into the chamber
air inlet duct. This system gave particles in the chamber of 1-5 microns. Under the
conditions of this experiment the concentration of carbon measured during the ex-
posure was 3,000 mppcf (105 particles/cm3).
* Atlas Powder Co., Chemical Division, Wilmington, Delaware 19899.
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For the exposure this concentration was achieved before the animals were placed
in the chamber (20 minutes). The guinea pigs were then rapidly placed in the cham-
ber without stopping the inflow of carbon. The animals were exposed for ten minutes
and then rapidly removed. One animal was then sacrificed at the following time in-
tervals after the completion of exposure: 5 minutes, 8 minutes, 18 minutes, 25 minutes,
30 minutes, 55 minutes, 60 minutes, 2 hours, 4 hours, 8 hours, 24 hours, and 48 hours.
Twenty animals from the same breeding colony that were not exposed to carbon
served as controls.
An isotonic neutral buffered 0.17M solution of glutaraldehyde was used for sacri-
fice of the animals and for fixation of their lungs. Without anesthesia, landmarks for
the left ventricle were identified, the hair having been removed before carbon ex-
posure. Using a needle and syringe containing the glutaraldehyde solution, the needle
was directed percutaneously into the left ventricle. When in proper position, bright
red blood pumped back into the syringe. A few cubic centimeters of glutaraldehyde
were injected into the heart causing grand mal convulsions and rapid death of the
animal. The abdomen was then opened, the inferior vena cava identified and opened
so that blood and fixative could leave the vascular system. Glutaraldehyde solution
(40-50 ml.) was perfused retrograde from the syringe through the left ventricle,
mitral valve, lungs, right side of the heart and out the opening in the inferior vena
cava. The lungs were then left in situ for two hours to allow sufficient hardening of
the lungs to prevent their collapse when the thorax was opened. No tissue other than
lung was saved. After two hours the lungs were removed and then left in glutaral-
dehyde overnight.
Lungs were cut so that frontal whole lung sections could be obtained. Embedding
was with paraffin and staining with hematoxylin and eosin. Two whole lung sections
were prepared, one 5 u and the other 25 A in thickness.
The approximate amount of carbon in the trachea, first and second order bronchi,
bronchioles, alveolar ducts, and alveoli were recorded. Note was made of whether
the carbon was accompanied by the presence or absence of cells. Cells of the alveolar
wall were identified as Type B cell, alveolar macrophage, or other cell type by
criteria previously outlined.10 Paratracheal and bronchial lymph nodes were examined
for the presence of carbon, as were perivascular and peribronchiolar spaces. The
presence or absence of scattered foci of lymphoid tissue, a frequent finding in the
guinea pig,' was recorded.
RESULTS
Let us first consider the morphologic findings at each time interval.
Selected examples are presented in Figures one through eight. In addition,
the findings are summarized in Table 1. This Table gives the estimates of
the amount of carbon present in lumina of airways or on alveolar walls.
Numbered footnotes list related cellular events.
Of the control animals that were not exposed to carbon, none had car-
bon anywhere in its lungs.
Figure 1 demonstrates the findings five minutes after the completion of
exposure. This was the time interval after this animal was removed from
the exposure chamber until lungs were being perfused with fixative. An-
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TABLE 1. ESTIMATE OF AMOUNTS OF CARBON FOUND IN SPECIFIED LOCATIONS OF
LUNG AFTER A SINGLE EXPOSURE To INHALED CARBON
Trachea Bronchi, Bronchioles Alveolar Alveolar
1st & 2nd ducts walls
order*
5-8 minutes 4+ 4+ ** 2 + 2+
18 minutes 4+** 4+** 4+ 2+ 2+
25-30 minutes 4+ 4+ 4+'a) 1 + 1 +
55-60 minutes 4 + 4+ 2 + 1+ 1 +
2 hours 1+ 4+-3+ 2+ 1+ 1+
4 hours 1 + 1 + -2 + 2+ 1 + 1 + (8)
8 hours 1 + 1+ 2 + 1+ I + ("
24 hours 2+*** 1+ 2 + 1 + 1 + (" (5)
48 hours 1+ 1+ 2 + 1+ I + (4)
Estimate of amount of carbon present in lumina of airways or on the walls of al-
veoli: 4 + is the most marked amount that was observed and 1 + is slight.
Carbon was found in either bronchial or paratracheal lymph nodes at all times ex-
cept in animal examined 30 minutes after completion of exposure.
* First figure is for 1st order and second figure for 2nd order bronchi.
** Marks time cells are first seen in lumen; once seen they continue to be present.
*** Carina free of carbon for first time.
(1) Polymorphonuclear leukocytes found in bronchiolar exudate.
(2) Phagocytosis by cells of alveolar wall seen first time.
(a Carbon in Type B cells.
(4) Large amounts of carbon in alveolar cells.
(5) A few free alveolar macrophages.
other way of measuring time was from the niddle of the exposure until
the moment of sacrifice. Considered in this way, ten minutes had elapsed
from the mid-point of the ten-minute exposure until fixative was perfusing
lung.
In this first animal, large amounts of carbon were present in the lumina
of trachea, bronchi, and bronchioles and much less carbon was present in
lumina of alveolar ducts and alveoli. Neither trachea (Fig. 1A) nor bronchi
demonstrated cells associated with carbon. However, cells were present in
bronchiolar lumina (Fig. 1D).
Because of the short time interval between exposure and sacrifice, the
findings in this animal should represent more the effects of deposition than
of clearance of carbon. The greatest amounts of carbon were found at
points of branching of airways, particularly at the carina. Figure 1B shows
the tracheal carina. Higher magnification, (Fig. 1C), illustrated that car-
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bon was present below the surface of the epithelium. The lymph node un-
der this carina showed carbon to be present.
Similarly, carbon present in bronchioles, alveolar ducts, and alveoli
occurred more frequently where the direction of air flow changed at branch-
ings of bronchioles and alveolar ducts and at mouths of alveoli.
Only very small amounts of carbon were found beneath the pleural sur-
face and no differences could be found between animals sacrificed at later
time intervals.
Carbon was seen on the surface of alveolar walls (Fig. 1E) within
connective tissue where several walls come together (Fig. 1F). It apparent-
ly was not within cells.
It was impossible to prove whether or not particles present in interstitial,
peri-vascular, peri-bronchial, and sub-pleural sites were within lymphatic
spaces. The particles were present in neither greater nor lesser numbers
at any time interval after exposure.
The findings in the lung of the animal sacrificed eight minutes after the
completion of exposure were the same as those found at the five minute
interval except for the presence of focal lymphoid tissue throughout the
lung. There was no carbon associated with this lymphoid tissue. Other
animals (18 minutes, 25 minutes, and two hours) had similar focal scat-
tered lymphoid tissue.
Although the amounts of carbon found were the same in the animal
sacrificed 18 minutes after exposure, cells were present for the first time
in the lumina of the trachea and bronchi. In all other animals sacrificed
after this time, cells were present in lumina of trachea, bronchi, and bron-
chiole. Also carbon was found within cells lining the alveolar walls for
the first time.
Twenty-five minutes after carbon exposure many cells were found in
the trachea between the ciliated epithelium and the overlying carbon (Fig.
2). In the bronchioles, cells and carbon were more uniformly mixed and
polymorphonuclear leukocytes were present for the first time. The amount
of carbon in alveolar duct and alveoli appeared less than in previous ani-
mals and was about the same as that found in all animals sacrificed after
this 25-minute time interval.
Figure 3 demonstrates findings typical of those in the animals sacrificed
at 55 and 60 minutes. The only difference noted from the 25-minute animal
was that there was less carbon in bronchioles at 55 and 60 minutes.
Two hours after exposure (Fig. 4) much less carbon was present in
trachea but there were large amounts of carbon in first order bronchi.
Second order bronchi had slightly less. The diminished amount of carbon
in trachea persisted in animals sacrificed after this time except for the 24-
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hour animal which had slightly more carbon than animals killed at earlier
and later time intervals. Bronchioles of this animal (Fig. 4A) had cells
containing carbon. These cells had the appearance of the adjacent bron-
chiolar cells. In addition, there were vacant sites in the bronchiolar epi-
thelium which could possibly represent spaces left by desquamating cells.
In alveoli most of the carbon at this two-hour period is still outside of cells
(Fig. 4B) with some appearing at interstitial sites (Fig. 4C).
The animal for the four-hour period demonstrated moderate amounts of
carbon in bronchi (Fig. 5) but less than previously seen and about the
same as found at later time periods. Carbon is still present at the carina
of branching bronchioles. A few cells in the alveolar wall contained small
amounts of carbon, a finding that increased markedly at the eight, 24, and
48-hour periods.
Figure 6 demonstrates the large amount of carbon in cells of the alveolar
wall at eight hours. There were no cells lying free in alveoli, touching the
luminal alveolar wall, or lying near a defect in alveolar wall. The cytoplasm
of the carbon containing cells in alveolar wall was often of foamy appear-
ance but might appear much darker and devoid of vesicles.
For the first time the carina of the main stem bronchi was free of carbon
at 24 hours (Fig. 7A). Bronchioles continued to contain carbon, mucus,
and cellular debris (Fig. 7B). Also at this time a few alveolar macrophages,
defined as carbon containing cells lying free in alveolar space except for an
area of contact with alveolar walls, were seen.
The findings at 48 hours were similar in all respects to those at 24 hours.
Carbon in paratracheal and bronchial lymph nodes continued to be present
as it was in all animals. Bronchioles continued to have moderate amounts
of carbon and debris and to indicate possible desquamation (Fig. 8A). The
findings in alveoli were most characteristic: most of the carbon is contained
in cells in the alveolar wall with large numbers of cells like those of Figure
8B being found; much smaller amounts of carbon lying free of cells were
found on alveolar walls and at the mouths of alveoli.
DISCUSSION
Interpretation of these results is to be based upon known quantitative
aspects of particle deposition and upon a critical review of current concepts
of pulmonary clearance in the light of the limitations of design and method-
olgy of this experiment. Further considerations of physiologic factors modi-
fying pulmonary response to inhaled particulates will allow a judgment
to be made as to the adequacy of particle inhalation models to investigate
lung injury.
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Quantitative aspects of particle deposition
The general physics of particles has been reviewed."U The pertinence of
particle physics to air pollution was summarized by Cadle."
The first work to consider the type of model that best represents the
lung in the deposition of particles was that of Findeisen in 1935.15 He cal-
culated the branching, number, diameter, length, cross-sectional area, and
speed of flow in conducting airways from trachea to alveoli. He estimated
the speed of flow to diminish from a maximum of 180 cm/sec in main
bronchi to 0.025 cm/sec in alveolar ducts, with the largest decrements be-
ing found at second and third order bronchi and at terminal bronchioles.
In 1950 Landahl" extended Findeisen's work. Similarly, he calculated
the major decrements of velocity of air flow to be at the second, third,
fourth order bronchi, and at the terminal and respiratory bronchioles. These
calculations are important to the present study as they indicate that the
velocity and therefore the momentum and kinetic energy of inhaled par-
ticles that reach the alveolar level is small. Landahl calculated the retention
of different sized particles in various regions of the respiratory tract under
different tidal volumes, breathing cycles, and flow velocities. Retention
decreased by about one third as particle size diminished from 20 to 0.6 t,
then increased slightly for 0.2 u diameter particles. For the 20 ju particles,
retention was greatest in upper airways. For particles 0.6-6 u, the size
comparable to this study, about half of the 6 Iu particles were retained in
terminal bronchiole and alveolar duct and from 25%o-48% of 2 tt particles
in alveolar ducts. In alveolar sacs 0%-17%o of 2 pt and 0%o-9% of 0.6 tu
particles were retained. These calculations agree entirely with the over-all
estimates of the amount of carbon deposited at different levels of lung in
animals of this series killed in the first 5-18 minutes after completion of
carbon exposure.
Landahl pointed out that the inertial impaction of particles of diameters
greater than one micron was the principle factor in retention. Because of
inertia, particles tend not to follow the air stream as it bends. Landahl
estimated that half of the particles in an airstream are removed at each
right angle turn. Further, the deposition during turning of the air stream
is at the outer part of the curve. For the lung the "carinas" of points of
branching represent the outer portion of the bending air stream. In the
present study the major site of deposition at any given level corresponded
to the site where inflowing air changed direction. These sites were at the
tracheal carina, at the "carina" of bronchi and bronchioles, and at the
mouths of alveoli where air passed through the entrance rings into alveoli.
Observations upon alveolar wall depositions were difficult, even using the
370Inhaled carbon I BOREN
thick whole lung sections, because of the small number of particles de-
posited. However, no preferential deposition upon alveolar walls was noted.
The application of the theoretical considerations of Findeisen and
Landahl was begun in 1940 by Van Wijk and Patterson.'7 They used a
thermal precipitator to measure the number of particles moving in and out
of lung and plotted the per cent removal as a function of particle size. They
obtained a curvilinear relationship wherein approximately 95%b of 5 pt,
80%o of 2 /L, and 25%o of 0.2 /L particles were retained in lung. Hatch and
Hemeon"8 then derived ways of partitioning this total retention curve into
upper and lower airway retention. They further derived expressions for
the per cent of particles reaching alveoli. The product of this amount and
alveolar retention was the per cent of inhaled particles deposited in alveoli.
This product was a function of particle size: it showed a maximum of ap-
proximately 60%o at 1,u and a rapid decline to 20%o as particles approached
3 ,u. Such calculations gave the phrase "particles of respirable size" a
quantitative meaning.
Davies'9 calculated that in humans the inspiration of 1,000 particles/cm3
would give a particle into a given alveolus only once in several hundred
breaths. The method of generating carbon particles used in this study was
such that particles could be retained at the alveolar level. Indeed, the above
calculations showed the severe restrictions placed upon aerosol generators.
On the other hand, dependance of retention upon particle size emphasized
the value of such techniques as the spinning disc generator as a tool to con-
trol size. Production of monodisperse particles from one to eight microns
in diameter having a standard deviation in size of only 10%o has been
described.' A valuable summary of such considerations of deposition as
well as removal is given by Hatch and Gross.'
Other workers' have used the retention of aerosol in a converse manner.
They have asked what information can be obtained about intrapulmonary
mixing by measuring differences in inspired and expired aerosol con-
centrations.
Morrow' and his co-workers2' have carefully studied the physics of par-
ticle deposition and measured the relationship of particle size to removal.
They found a biphasic removal in which early clearance was dependent on
particle size but the much slower late phase was independent of particle
size. The results of the author's experiment correspond to the early clear-
ance phase. Indeed the one study in the literature that is most comparable
to the results of this report with respect to early morphologic results is by
Casarett,5 a member of Morrow's group. He administered 0.05 Iu colloidal
particles of polonium 210 by inhalation to rats and followed the sequence of
events by autoradiography. As expected, there was much greater alveolar
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deposition than found in the present study using 2 ,u particles. Casarett
found that the sites of greatest radioactivity shifted from alveoli to alveolar
duct and respiratory bronchiole at one hour, to medium and large bron-
chioles at 2-4 hours with some activity in septal cells. All particles were
phagocytized by 6-8 hours. These observations are consistent with those
reported here for inhalation of carbon.
Critique of concepts of pulmionary clearance
The concepts that are repeatedly invoked by most workers to explain
pulmonary clearance are: 1) muco-ciliary transport; 2) penetration of
particles into tissue; 3) lymphatic transport; and 4) phagocytosis of par-
ticles. General reviews of these concepts are given by Hatch and Gross,'
Casarett and Milley,' and by Gross.' For each of these presumed mecha-
nisms of lung clearance there is a paucity of experimental support as to
their quantitative significance. In addition, there are several logical as well
as theoretical difficulties in accepting any of these concepts except muco-
ciliary transport as being of prime importance, or of being more than an
incomplete part of a more general mechanism.
Muco-ciliary transport. A great deal is known about respiratory cilia.'
There is no doubt that ciliary activity is the major factor responsible for
removing particles from the larger conducting airways. Irritant gases,' as
well as cigarette smoke, have been shown to depress ciliary activity. How-
ever, little is known of the effects of particles alone on function of cilia.
Even less information is available as to the rheological properties of mucus,
to the biologic factors controlling mucous dynamics, and to the complex
relationships between the properties of mucus and ciliary function.
Observations of the present experiment showing a progressive diminu-
tion of carbon with time in trachea and bronchi, airways having a rich
supply of ciliated cells, indicate that there is no detectable loss of muco-
ciliary transport at these levels. The failure of bronchioles to clear as
rapidly as larger airways (Table 1) may reflect one or more of several
effects: 1) failure of ciliary activity in bronchi to move the continuous
mucous sheet which extends over bronchiolar epithelium; 2) local over-
load of this transport mechanism at the bronchiolar level; 3) cellular injury
at the bronchiolar level impairing fluid formation or transport. Evidence
that the last two of these mechanisms were present is offered: 1) by the
large local accumulations of carbon, mucus, and cellular remains in bron-
chiolar lumina; 2) the absence of evidence of a great increase in the forma-
tion of alveolar macrophages which might indicate distal effects contribut-
ing to these bronchiolar accumulations; 3) by the appearance of cells
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seemingly having desquamated from bronchiolar epithelium, leaving re-
sidual defects in the bronchiolar epithelium.
It should be recalled that there is excellent physiologic evidence that
inhalation of inert particles results in bronchoconstriction.' This action
certainly influences particle deposition. It remains to be determined wheth-
er bronchoconstriction and associated reflex changes influence pulmonary
clearance.
Penetration of particles into pulmtonary tissue. Whether or not particles
in inspired air that come into the lung can penetrate pulmonary tissues at
any level depends upon the reaction between forces that favor penetration
and those that oppose penetration. The forces favoring penetration are
a function of the momentum, or kinetic energy, of the particles involved.
In turn it is the mass and velocity of particles that determines these forces.
The forces resisting penetration result from deformations of pulmonary
structures.
In this experiment carbon had low density (0.6 gm/cm3), reducing the
force of penetration. The greatest velocities of inspired particles would
have been in large and medium airways and the most frequent site of im-
pact was at the outer portion of the airstream as it changed directions,
represented anatomically by the "carinas" and alveolar mouths. The obser-
vation that cells, many containing carbon, were seen in bronchiolar lumina
in the first as well as all other animals killed suggests that bronchiolar
mucus and epithelium was penetrated by carbon. Finding polymorphonu-
clear leukocytes in bronchiolar exudates 25 minutes after the end of carbon
exposure was evidence for cellular exudation as a consequence of bron-
chiolar damage. Whether or not subsequent desquamation and penetration
of submucosa and lymphatics occurred could not be answered.
The question of particle penetration at the alveolar level should be con-
sidered in the light of the dimensions of alveolar wall, the force generated
when a particle impinges upon it, and the extremely small velocities of
particles at the alveolar level.
Figure 9 is a diagrammatic representation of alveolar wall. All measure-
ments are expressed in microns and distances are drawn to scale. The
lumen of capillary is represented as containing an erythrocyte. Dimensions
of alveolar tissue are as given by Schultz.' Lining layer has two com-
ponents: 1) lining film, an insoluble film of lipoprotein at the surface of
alveoli about 0.005 ,u thick; 2) lining complex, lipoprotein substance, dis-
persible in saline, present in a layer of unknown thickness, lying between
lining film and alveolar wall.' For comparison, the relative size of Y2, 1 and
2 ju spheres are shown making contact with lining film. Before speaking of
penetration of such particles we should realize that they are larger than
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the thickness of alveolar wall. Even if the thickness of lining complex and
tissue space were to give a 100lo increase in the total thickness of alveolar
wall, only the smallest of the particles represented could be physically con-
tained within the alveolar wall.
Let us consider the effect of surface tension at the alveolar level. For a
lining film of one layer thickness, the pressure developed across the film
Capillary Lumen
Lining film 0.0 05 micron
Epithelium 0.05 n
Tissue space 0.15 5
Endothelium 0.22 "
0.425 "
itholium
374
N`- Lining Film m-V.
FIG. 9. Diagram of relative dimensions of inhaled spherical particles and structures
of the alveolar wall.t'82 The solid arrowheads in the particles point to the site of im-
pact of the particles with lining film. It is at this site that lining film is deformed by
particles hitting alveoli.Inhaled carbon
when it is deformed so that the major radii of curvature are equal and in
the same direction is:
2S
P- R Equation 1
where P is pressure in dynes/cm2, S is surface tension in dynes/cm. In the
case of the sphere, R is the radius in cm.
Total force developed is:
F = P. A Equation 2
where F is force in dynes, P is pressure in dynes/cm2 and A is area in cm2.
The area of part of the surface of a sphere is:
A = 27r RX Equation 3
where A is area, R is radius, and X is the distance in centimeters from the
surface of the sphere toward the center of the sphere along the radius.
Substituting equations 1 and 3 into equation 2, the force F developed by
a sphere deforming lining film is:
F = 47r SX
or F 12.5 SX Equation 4
The force developed by surface tension is independent of the radius of the
sphere and depends only on surface tension of the lining layer and the
distance that a sphere has deformed the surface layer. If we let S be 8
dynes/cm and X be one angstrom, then this force is approximately 10-6
dynes.
To determine the effect of shape on this calculation, the vertex of a par-
ticle shaped like a paraboloid was considered to contact the lining film.
The paraboloid was considered as being generated by rotating the parabola
y2 ax about the X-axis. The coefficient a determined the sharpness of
the vertex, smaller values giving sharper vertices. However, since the
radius of curvature at the vertex is a/2 and the area is 7rax (compare Eq.
1 & 3) the force of lining film resisting deformation is the same for the
paraboloid as for the sphere. For both the sphere and paraboloid this force
is independent of the size of the particle and its curvature and is determined
only by surface tension of lining film and the distance the particle deforms
the surface. In these calculations only the work of deforming the surface
has been considered. No consideration has been given to the heat absorbed
by the surface, to buoyancy effects, or to the factors affecting flotation of
the particles after impact.
One can readily observe that as the paraboloid approaches a cone R
becomes infinite, pressure approaches zero, and force thus approaches zero.
Beyond the limit of the cone the direction of curvature changes, allowing
the force of surface tension to be directed toward instead of away from
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alveolar wall. In this last case surface tension forces would favor particle
penetration. Since the surface of a particle must be closed, the direction of
this later radius of curvature would have to change. When this direction
became like that of the paraboloid or sphere, surface tension force would
resist particle penetration.
Although the force generated against a sphere or paraboloid is small,
a millionth of a dyne or less, it must be compared to the force of the fallinig
particles against which it acts. Kinetic energy of such particles can be
calculated by:
K = 1/2 m V2 Equation 5
where K is kinetic energy in dyne cm., m is mass of particle in grams, and
Vis velocitv in cm/sec.
Mass is calculated by:
4
m= 7rp r3 Equation 6 3
where m is mass in grams, p is density in gm/cm3, and r is radius in cin.
Velocity is given by:
2 g
UT= 9 .g 2 p Equation 7
where UT is terminal velocity in cm/sec, g is accelerated due to gravity, n
is viscosity of air.
Substituting equations 6 and 7 into equation 5 gives:
K = 2.6 X 1012 r7 p3 Equation 8
If we calculate the force for a one micron sphere stopped in one angstrom
distance, this force is 2.6 X 10-8 p3 dynes. For unit density this force is
one hundredth of that produced by deforming lining film one angstrom.
These forces would be approximately equal when the density of the sphere
is 3.4 under the same conditions. Such considerations of energetics show
the protective value of lining film, the slight chance of penetration of par-
ticles into alveolar wall and the small likelihood that underlying structures
such as Type A cells or endothelium can be injured by particles at the
alveolar level.
In these considerations of particle lining layer interactions only the mass,
velocity, and shape of the particle have been considered and surface ten-
sion was assumed to have a small constant value. The collision was con-
sidered inelastic and tension of lining film was considered as uniform.
There is excellent evidence from studies of both deflation pressure volume
measurement of intact lung and the behavior of lining film on surface
balances that surface tension increases on expansion of its area and de-
creases upon compression. The most rapidly moving particles would tend
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to impact on lining layer expanded by inspiration, giving larger values for
surface tension and increased force resisting particle penetration. More
slowly moving particles could impact with a film having any value in the
range present from full expansion to full compression.
In the present experiment, carbon particles were observed not only at
the surface of alveolar walls but also in interstitial locations where adjacent
walls came together. This location could not have been reached by particle
penetration. This finding was interpreted as being a result of lymphatic
transport of carbon to this location.
Lymiphatic transport. Finding carbon in pulmonary lymph nodes was
reliable evidence of lymphatic transport, at least to a minor degree. The
importance of pulmonary lymphatics has been clearly stated by Drinker
and Field,33 Drinker,34 and Tobin.35 However, the problem of how particles
first enter lymphatics has never been convincingly resolved. Suggestions as
to the mode of entry have been: direct penetration of particles into tissue
and then into lymphatics; phagocytosis of particles by macrophages and
movement of macrophages into lymphatics; and movement of alveolar fluid
carrying particles to the entrance of lymphatics. From studies in the rat,
Brundelet3" believes that particles can penetrate lymphatics at various levels
of the lung and be carried to lymphoid tissue and then be eliminated through
the "opening mouth" of peribronchial lymph foci into the bronchial lumina.
However, in the guinea pig no "opening mouth" was observed. The limita-
tions of accepting particle penetration are apparent from considerations
given above, and those of accepting macrophage transport are given be-
low. The possible role of particle transport by movement of alveolar fluid
demands renewed investigation.
In this experiment, carbon was found in bronchial and paratracheal
lymph nodes in all animals except one (30 minutes after exposure) and
increased only slightly in amount with time. Carbon was also present in
peribronchiolar and perivascular space and probably also in lymphatic
spaces of alveolar walls in the first animals sacrificed. These observations
indicate rapid early movement of carbon into and in lymphatics without
there being sufficient time for cellular phagocytosis.
Transport of particles by phagocytes. The capacity of living lung to
phagocytize foreign material in general"7'M and carbon in particular is well
documented. Many times pulmonary clearance is described as being accom-
plished in part by pulmonary macrophages which wander over alveolar
walls and phagocytize inhaled particles. However, the fact that particles
are phagocytized doesn't mean that they clear from lung. When an alveolar
macrophage or Type B cell that has engulfed particles dies, the contained
particles are released either to be removed by other mechanisms or to re-
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main in lung permanently. In such a view, phagocytic cells of the alveolar
wall serve as temporary storage sites for insoluble particles, concentrating
them in one place rather than allowing them to spread over much of an
alveolar wall.
To further clarify the role of phagocytosis in lung clearance, many work-
ers have assumed that once a particle deposited on alveolar wall was phago-
cytized, the phagocytic cell was either removed by themuco-ciliary apparatus
or it moved into alveolar tissue, entered the lymphatic system, and was
removed. The difficulty with such pictures is that some sort of tropism is
assumed that directs the motion of the phagocyte either toward bronchioles
or lymphatics. Even if cells demonstrate ameboid motion, the barriers that
have to be penetrated are formidable or the distances and paths to be
covered are great and tortuous indeed. To avoid such tropism Grosse de-
scribed a mechanical theory of transport. Lining layer was considered as
more viscous than fluid under it so that the surface moved slower than the
less viscous fluid under it. Since expiration is slower than inspiration, the
viscous layer could follow motion of expiration better than inspiration,
giving a net motion of the surface layer toward the trachea. At the alveolar
level this mechanical theory may be invalidated if alveolar surface does not
move with normal breathing.
The second problem of particle clearance by phagocytosis is the question
of which cells are involved in the phagocytic process. Light and electron
microscpoic observations have characterized the alveolar macrophage as
containing phagocytized material, as being an irregularly shaped cell, some-
times with pseudopodia lying in alveolar space, as contacting either Type A
or Type B cells, as not contacting a basal lamina as do Type A and Type B
cells, as lacking the characteristic cytoplasmic vesicles of Type B cells, and
as having many lysosomes and mitochondria but a poorly developed endo-
plasmic reticulum. The finding of many workers that cells having some of
these characteristics could be obtained by lung washout techniques has
tended to confirm the concept that alveolar macrophages are one of the
normal cell populations of lung, that they lie on alveolar surfaces, and that
they probably move over these surfaces by ameboid motion, removing any
particles with which they come into contact. However, in 1951 Macklin'
demonstrated that the presence of alveolar macrophages was the result of
allowing lung to collapse while it was being fixed. Note must be made that
in the lung washout techniques in current use, lungs are allowed to col-
lapse before washing solutions are introduced. Also, some degree of collapse
has usually been allowed before lung is fixed by most investigators. In the
present study lung was not allowed to collapse so that the tendency to move
cells into alveolar space was minimized. Some cells that contained carbon
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would have remained in alveolar walls rather than have been removed from
the alveolar wall by collapse.
There are other difficulties in studying alveolar macrophages. There are
no definitive demonstrations as to their origin. No information is available
as to whether or not they are present in animals maintained in a completely
particle free environment. Knowledge of the circumstances that control
their proliferation, growth, and cellular activities is very meager.
Under the circumstances of the present experiment the following obser-
vations seem pertinent and require explanation: 1) the early (18-minute
sacrifice) appearance of carbon in cells of the alveolar wall; 2) progressive
accumulation of carbon in these cells; 3) the presence of only a few alveolar
macrophages, identified as cells containing carbon lying in alveolar space;
and 4) the presence of carbon in cells of alveolar walls that do not have
cytoplasmic vesicles.
The early appearance of carbon in alveolar cells probably represents a
rapid transport of carbon to these cells rather than a direct hit of these
cells by incoming carbon particles. The progressive accumulation with time
of carbon in cells that are in the alveolar walls probably reflects the con-
tinued movement of carbon from the relatively large area of the alveolar
walls to the smaller area of the cells in which carbon accumulated.
From the standpoint of number, form, location, and size, the cells con-
taining carbon have the characteristics of Type B cells (Type II, granular
pneumocyte, corner cell, foam cell). These cells are spherical, cuboidal or
ellipsoidal. They are relatively large, having a diameter of 11 ,u. They have
a single spherical nucleus of 7 ,u in diameter which has 5-7 nucleoli. These
cells occur singly and they extend partially or completely through the al-
veolar wall. They contact a basal lamina and they make lateral contact with
Type A cells that form the alveolar lining surface of pulmonary capillaries.
Type B cells have characteristic cytoplasmic vesicles which are probably
related to the production of surfactants. In many instances there was no
doubt that carbon was accumulating in cells that had all of these character-
istics.
The question arises as to the interpretation of the presence of carbon in
cells that lack these cytoplasmic vesicles but that in all other regards is
similar to Type B cells. Since this finding was more frequent in animals
killed at longer intervals after the end of carbon exposure and was most
striking in cells containing larger amounts of carbon, the loss of vesicles is
thought to be related to the phagocytosis of carbon. It is not possible in this
experiment to decide whether this relation is that of vesicle loss leading to
movement of carbon to the cells or is that of carbon accumulation within
the cells causing loss of vesicles. It is also not possible to say whether loss
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of vesicles indicates los of ability to phagocytize and loss of function in re-
gard to secretion of surfactant. However, the loss of vesicles does change
the morphology of cells to such an extent that the appearance is that of a
cell intermediate between a Type B cell and an alveolar macrophage.
One change accompanying vesicle loss may be of theoretical significance.
Type B cells are normally cuboidal or ellipsoidal and project into the
alveolus with a convex surface. If these cells are covered by a lining layer
the force of surface tension is directed inwards toward the alveolar wall.
The Macklin observation' of the relationship between lung collapse and
alveolar macrophages might have such a basis. The lower surface tension
at smaller lung volumes would give less force to hold such cells in alveolar
walls. If vesicles are lost from such Type B cells and the shape of their
alveolar surface becomes concave, then the force of surface tension would
tend to pull the vesicle depleted cells into alveolar space. The result of such
a process would be the movement of cells extending into alveolar walls to
a position where they lie on alveolar walls.
Alveolar fluid transport. In addition to the above mechanisms of pul-
monary clearance (muco-ciliary transport, tissue penetration, lymphatic
transport, and particle phagocytosis) which are usually described, there is
another clearance mechanism, alveolar fluid transport, which is often ig-
nored. The most complete consideration of this mechanism was given in
1955 by Macklin.42 He considered fluid on the alveolar surface to be normal
and offered numerous morphologic observations, such as the production of
a foam when cut surface of fresh lung is squeezed, to support this thesis.
tie described this alveolar fluid as being in a dynamic state rather than
simply being a static constituent of alveolar structure. He described alveolar
fluid as being produced by ganular pneumocytes (Type B cells) and flow-
ing by microcurrents into structures that he called sumps. These sumps
were described as having an organization like tonsils but being much smaller
and so were called microtonsils. Sumps were located in periarterial, peri-
venular, subpleural, and paraseptal locations.
There are several difficulties with this ingenious thesis of Macklin's.
There has been no demonstration that granular pneumocytes secrete fluid.
On the other hand, evidence from many sources strongly indicates that this
cell type produces surfactant. Considering that one effect of the lowering
of surface tension by surfactant is the limiting of transudation of fluid from
capillaries, it would not be surprising to find that the same cell which pro-
duces surfactant also produces fluid.
Other difficulties with the sump thesis are that sumps are more functional
than anatomic entities, that the physical forces producing microcurrents
are not explained, and that the manner of entrance of fluid or particles into
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sumps was not described. Despite these difficulties, it may be possible to
enlarge and to modify the thesis so that it may be subjected to experimental
tests.
The observations of this experiment show that carbon particles deposited
on alveolar walls do not remain distributed over the walls but accumulate
largely in cells of the alveolar wall. After carbon particles impinged on the
lining film of alveoli they must have been moved to these cells by or in the
lining film.
There are four possible types of fluid transport mechanisms at the al-
veolar level to account for this motion: 1) pneumatic, wherein movement
of air in and out of alveoli induces particles on the surface of lining layer
to move; 2) hydraulic, wherein movement of liquid on the surface of alveoli
causes particles to move; 3) surface, wherein particles on lining film are
moved by movements of the film; and 4) lymphatic, wherein fluid is ab-
sorbed into lymphatics which in turn gives rise to flow of alveolar fluid. Of
these four possibilities, pneumatic transport is unlikely in view of physio-
logic findings interpreted as showing that most of gas exchange at the
alveolar level is by diffusion rather than by mass movement of air.
Hydraulic fluid movement would exist anytime there is a pressure gradi-
enit in a closed system. At the alveolar level it is difficult to visualize a closed
system, unless one considers the boundaries of the system to be lining layer
on one surface, and alveolar wall on the other. In this instance lining com-
plex, about which so little is known, becomes the fluid to be moved by a
pressure gradient. The source of the gradient might be secretory or transu-
dation pressure, alone or in combination with lymphatic absorption of fluid.
Whether or not motion of breathing can cause opening and closing of the
entrance to sumps as described by Macklin'2 and thereby produce hydraulic
fluid flow by such lymphatic pumps remains to be demonstrated.
In regard to transport of particles on the surface of lining film, one pos-
sibility is that secretion of surfactant by Type B cells would give a local
diminution of surface tension, thereby establishing a gradient of surface
tension. The matter may be more complex. Effects similar to touching soap
on an oil film may occur. When a bit of soap touches an oil film, the film
immediately moves away from the soap, forming a circular limit around
the soap. When the soap is withdrawn, the film slowly moves back until
the opening created by the soap is closed. If the secretion of surfactant acts
in the same manner, there is a rapid motion away from the cell secreting it,
then a slower return of the surface layer towards the cell. Such differences
in rates could give a differential effect on particles of different size in the
lining film. Heavier particles would follow the slower centripetal motion
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more faithfully than the more rapid centrifugal motion and would be moved
toward the secretory cell more rapidly than are smaller particles.
To interpret the observations of this experiment with respect to accumu-
lation of carbon in Type B cells, it is necessary to postulate only such a
surface transport. That this transport may be highly localized to an alveolar
wall may be indicated by the incompleteness with which carbon particles at
the entrance rings of alveoli were removed.
Summary of interpretation of observations
Experimental design could have been improved by using more animals,
by following the course of events for a longer total period, and by obtaining
either 0.1 I sections for light microscopy or ultrathin sections for electron
microscopy so that a better distinction could be made between intra and
extracellular location of carbon. Intra alveolar and perfusion pressures
were not controlled in the perfusion technique of fixation that was used
so that focal areas of vascular rupture were observed. None of these pos-
sible modifications were considered essential to the aim of the experiment
to determine the early postexposure changes after a single very brief ex-
posure to carbon. The fixation technique allowed fixation of lung without
collapse, alveolar wall structures to be seen without collapse, and carbon
in conducting airways to be seen without being displaced by fixative. One
animal sacrificed 17 minutes after exposure was excluded from this series
because pleural space filled with fixative and lungs were collapsed when
the thorax was opened. This failure was probably caused by displacement
of the needle during the animal's terminal convulsive movements.
Observations requiring explanation are: the sites of deposition of in-
haled carbon; the very early appearance of cells in bronchioles, followed
later by cells in bronchi and trachea; the subsequent appearance of poly-
morphonuclear leukocytes in bronchiole; the early finding of carbon in
paratracheal and bronchial lymph nodes; the late appearance of large
amounts of carbon within alveolar cells; the relative scarcity of alveolar
macrophages; and the persistance and infrequency of phagocytosis of car-
bon at the entrance rings of alveolar mouths.
These observations may be approached by considering possible actions
of inhaled particles (Table 2) in the light of the above discussion. Of these
possibilities, the following seem most likely to have occurred in this experi-
ment: 1) carbon was deposited at sites where air inflowing into the lung
changed direction; 2) as a result of the number and velocities of carbon
particles at the bronchiolar level there were epithelial desquamation, in-
flammation, and local interference of clearing; 3) cells found in bronchial
and tracheal lumina at later times were transported there from bronchioles;
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TABLE 2. POSSIBLE ACTIONS OF INHALED CARBON PARTICLES
1. Alteration of ciliary activity
2. Stimulation of mucus secretion from goblet cells and mucous glands
3. Stimulation of bronchoconstriction with associated reflex changes
4. Desquamation of epithelium of conducting airways
5. Inflammation with release of chemical mediators,
a. increased vascular flow
b. increased capillary permeability
c. increased lymphatic flow
d. increased cellular exudations
6. Alteration of surfactant secretion and properties of lining film
7. Stimulation of phagocytosis at alveolar surface
8. Increased alveolar transport:
a. pneumatic
b. hydraulic
c. surface
d. lymphatic
4) the early appearance of carbon in paratracheal and bronchial lymph
nodes was the result of rapid entry into and transport by lymphatics, with
some of these carbon particles coming by hydraulic flow at the alveolar
level; 5) the absence of alveolar phagocytic cells moving to and phagocytiz-
ing carbon particles; and 6) the movement of carbon to Type B cells by
surface transport microcurrents limited to a single alveolar wall. The
morphologic findings at any one time were determined to a large degree
by the time rates of carbon deposition, transport out of airways and alveoli,
and collection of carbon in Type B cells and in paratracheal and bronchial
lymph nodes.
Authenticitv of particle inhalation systems to study lung injury
A great deal has been made of sub-gross anatomical criteria in selecting
animal models to study chronic lung disease.' However, not just structure
but also function at all levels of organization must be evaluated to judge
whether a model chosen is authentic for the type of approach to be used.
Using a respirograph, Guyton" measured the frequency and tidal volume
of the guinea pig. Average values he obtained were: frequency of 90/min-
ute; tidal volume of 1.7 cc; and minute volume of 155 cc/min. Using these
values for a ten minute exposure to 105 particles/cm3 carbon shows that
each guinea pig was exposed to 1.6 X 108 particles. Further Guyton'
showed a remarkable consistency of air flow pattern among different guinea
pigs and similarity in pattern of various animals from mouse to man.
Drorbaugh' studied the mechanical properties of the lungs of man, dog,
rabbit, rat, and mouse. Compliance, tidal volume, and elastic work per
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breath were proportional to body weight. Elastic work per minute were
proportional to the 0.7 power of body weight. Compliance per unit of vital
capacity and pressure required per unit tidal volume were the same for
small as for large animals. As far as these mechanical properties are con-
cerned, a large lung is like many smaller lungs functioning in parallel.
Thus we may conclude that in so far as driving pressures and elastic and
resistive reactions are concerned, small animals are quite similar to man.
Tenney and Remmers"7 compared metabolic requirements, lung volumes,
alveolar surface area and size in 20 animals of a wide range of size from
bat to whale. They found lung volume to be related to body size and alve-
olar area to oxygen uptake. For animals of similar body size, lung volume
is similar but if one has a higher metabolic rate alveolar surface area will
be larger. Increased area was achieved by more finely partitioning lung
volume, giving alveoli of smaller diameter. Thus animals with higher
metabolic rates and minute ventilation would increase the number of par-
ticles inhaled and deposited, but alveolar area would also be larger to
diminish the number of particles deposited per alveolus. Using Tenny's
and Remmers' values for total surface area of guinea pig (0.9 M2) and
their value of alveolar diameter (65 ,u) as well as the value given by Palm,
McNerney, and Hatch"8 (85 tu) the number of alveoli in the guinea pig
ranges from 10 to 17 million. Under the conditions of carbon exposure of
this experiment, 1.6 X 108 particles, the number of particles per alveolus
if none were removed in upper airway is from 10 to 16. If the number of
inhaled particles deposited in alveoli is from 20%o-60%o, then 2-4 particles
per alveolus would have been deposited.
Palm, McNerney and Hatch'8 measured deposition of particle in 83
guinea pigs as well as in monkey and man. Total retention in guinea pig
was very similar to that in man. Since the upper respiratory passage of
guinea pigs was small, greater removal of particles occurred, resulting in
slightly less alveolar deposition. The results of deposition of carbon in this
experiment should thus be comparable to that of man.
Direct measurement of the site of airway resistance"' using a retrograde
catheter technique allows measurement of the site of airway resistance.
Measurements to date have been made in cat, monkey, dog, and man. Size
of the catheter used is 3 mm. Eighty to 100% of airway resistance is cen-
tral to where this size catheter lodges. Although peripheral airway re-
sistance increases as lung volume decreases, it only amounts to 15%o of the
total resistance at 10%o of vital capacity. Findings were similar in the dif-
ferent species. In so far as inhalation of particles is concerned, these in-
vestigations indicate that physiologic parameters and particle deposition
are similar in a wide variety of animals. Increasing ability to control par-
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ticle size, density, and to add radioactive markers gives increased control
of deposition, and precise methods of measuring the events following ex-
posure. The advantages to particle inhalation studies are that the site of
action with cells can be determined, the sequence of events following this
interaction can be observed, and secondary factors modifying particle tissue
interaction can be identified.
SUMMARY
Morphologic observations were made on a group of guinea pigs receiving
a single ten minute inhalation exposure of activated charcoal. Neutral buf-
fered glutaraldehyde was used to sacrifice the animal by injection into the
left ventricle and lungs were fixed by retrograde perfusion. Serial observa-
tions were made from five minutes to 48 hours following completion of
carbon exposure.
Large amounts of carbon were deposited in trachea, bronchi, and bron-
chioles with moderate amounts in alveolar ducts and alveoli. Major sites of
carbon deposition were at locations where inflowing air changes direction.
Cells associated with this carbon deposition were seen in bronchiolar lumina
of all animals, commencing five minutes after completion of exposure. By
18 minutes after the end of exposure, cells were found in trachea and
bronchi. Although small amounts of carbon were seen in cells lining the
lumina of alveolar wall as early as 18 minutes after exposure, large amounts
were not seen until eight hours after exposure. Only a few alveolar macro-
phages were seen and then not until 24 hours after the end of exposure.
These observations were examined in the light of such quantitative
aspects of particle-lung interactions as the physical model of lung which
allowed calculation of particle velocities, relative dimensions of particles
and alveolar wall, and calculation of the order of magnitude of forces
resisting particle penetration.
Interpretation of the findings based on these considerations was that
carbon was deposited to the greatest degree where inflowing air changed
direction, such as at the sites of bronchial and bronchiolar branching and
at the entrance rings of alveoli. Energy of particles at the bronchiolar level
was great enough to initiate desquamation and so set the stage for subse-
quent particles to penetrate into submucosal tissue, possibly resulting in a
slight degree of inflammation, and increased lymphatic flow. Alveoli were
protected from ballistic bombardment of particles by the small numbers of
particles reaching alveolar space, by the slow velocities of particles at the
alveolar level, and by the pressure developed by lining film when it is de-
formed by impacting particles.
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The virtual absence of alveolar macrophages on alveolar walls despite
large numbers of cells on alveolar wall that progressively collect more
carbon with time was judged to reflect the motion of carbon to cells rather
than of cells toward carbon. Without evidence for ameboid motion the
concept of tropic motion of phagocytes as a significant factor in transport
of particles out of lung was hardly tenable. Further, there must have been
either surface or hydraulic transport at the alveolar level to explain this
finding.
These observations suggested that it was possible to identify the site of
particle-lung interaction, the sequence of events that followed soon there-
after, and the presence of secondary factors. Consideration of the physio-
logic factors affecting the physical aspects of particle deposition in guinea
pigs as well as measurements of clearance in this species suggests essential
similarity of deposition and clearance in guinea pig as compared to man.
The similarity of many physiologic factors in a wide range of animal spe-
cies indicates that the response of lung to inhaled particulates may be used
as an authentic model of lung injury.
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